Members of the Eph family of receptor tyrosine kinases exhibit a striking degree of amino acid homology, particularly notable in the kinase and membrane-proximal regions. A mutagenesis approach was taken to address the functions of specific conserved tyrosine residues within these catalytic and juxtamembrane domains. Ligand stimulation of wild-type EphB2 in neuronal NG108-15 cells resulted in an upregulation of catalytic activity and an increase in cellular tyrosine phosphorylation, accompanied by a retraction of neuritic processes. Tyrosine-to-phenylalanine substitutions within the conserved juxtamembrane motif abolished these responses. The mechanistic basis for these observations was examined using the highly related EphA4 receptor in a continuous coupled kinase assay. Tandem mass spectrometry experiments confirmed autophosphorylation of the two juxtamembrane tyrosine residues and also identified a tyrosine within the kinase domain activation segment as a phosphorylation site. Kinetic analysis revealed a decreased affinity for peptide substrate upon substitution of activation segment or juxtamembrane tyrosines. Together, our data suggest that the catalytic and therefore biological activities of Eph receptors are controlled by a two-component inhibitory mechanism, which is released by phosphorylation of the juxtamembrane and activation segment tyrosine residues.
The largest group of receptor protein-tyrosine kinases (RTKs), the Eph family, currently comprises 14 highly related vertebrate members and includes receptors in Caenorhabditis elegans and Drosophila (18, 42, 53) . Eph RTKs are activated by a second family of cell surface-anchored proteins, the ephrins, which are attached to the plasma membrane either via a glycosylphosphatidylinositol linkage (A class) or a transmembrane sequence (B class) (12, 25) . Receptors are also divided into A and B classes corresponding to their ligand binding specificities and phylogenetic relationships (16, 17) . In general, A class receptors bind A class ephrins, whereas B class ephrins stimulate B class receptors. One exception to this rule is EphA4, a receptor which can bind and respond to B as well as A class ephrins (17) . The observations that both native receptors and ligands are associated with the cell surface and that membrane attachment of ephrins is necessary for efficient receptor stimulation suggest that these proteins control contactdependent signaling processes between adjacent cells (25) . Oligomerization rather than dimerization is apparently required for receptor stimulation, as soluble ligand ectodomains do not efficiently activate receptors unless multiply clustered by crosslinking (12) .
Many Eph family members are prominently expressed in the developing nervous system (3, 7, 20, 31, 40) , and ephrin stimulation of growing primary axons in vitro results in axonal retraction or repulsion, characterized by a collapse of actinrich growth cone structures at the leading edge of the cell (14, 32, 33) . Consistent with these data, mice bearing homozygous null mutations in EphA8 or in both EphB2 and EphB3 exhibit abnormal migration of axon tracts in the brain (37, 39) . Ephrin-induced retraction of exploratory actin filopodia has also been described in vivo in migrating Eph receptor-expressing neural crest cells (29) . Eph receptors and ephrins thus appear to mediate contact-dependent repulsive guidance of migrating cells and axons in culture and in vivo. The complementary expression of Eph receptors and their cognate ligands in adjacent domains in the developing embryo suggests that these proteins may also be involved in cell sorting and boundary formation (17) . In support of this hypothesis, Eph receptorephrin signaling is able to modulate both cell-cell and cellsubstrate attachment (4, 48) . Furthermore, bidirectional Eph receptor-ephrin signaling (5, 24) appears important for the formation of boundaries between rhombomeres of the hind brain (34) . Such cellular responses to Eph receptor stimulation indicate that these proteins may regulate signaling events which control cytoskeletal architecture and cell adhesion functions.
The N-terminal extracellular region of all Eph family members contains a domain necessary for ligand binding and specificity, followed by a cysteine-rich domain and two fibronectin type III repeats (21, 25, 30) . The cytoplasmic region has a centrally located tyrosine kinase domain (15, 54) . C-terminal to the catalytic region is a sterile alpha motif (SAM) domain, which forms dimers or oligomers in solution and may contribute to regulation of receptor clustering (46, 49) . Localization or clustering of Eph proteins may also be influenced by PDZ domain effectors which potentially interact with specific C-terminal receptor motifs (22, 50) .
N-terminal to the kinase domain, in the juxtamembrane region, lie two invariant tyrosine residues (tyrosines 596 and 602 of EphA4; tyrosines 604 and 610 of EphB2) which are embedded in a characteristic and highly conserved ϳ10-aminoacid sequence motif. These tyrosine residues are major sites for autophosphorylation (9, 15, 27, 54) and have been shown to interact with a number of SH2 domain-containing cytoplasmic proteins including Ras GTPase-activating protein (RasGAP), the p85 subunit of phosphatidylinositol 3Ј kinase, Src family kinases, the adapter protein Nck, and SHEP-1, which binds the R-Ras and Rap1A GTPases (13, 15, 23, 25, 38, 47, 54) . It seems likely that signaling mediated by such SH2 domain binding partners may contribute to the physiological effects of Eph receptor stimulation on cell adhesion and cytoskeletal structures.
As the primary effectors in ligand-induced signaling cascades, the enzymatic activity of RTKs is tightly controlled. Activation of RTKs generally follows a common scheme beginning with ligand-initiated oligomerization or reorientation of receptor chains, allowing intermolecular autophosphorylation of specific tyrosine residues. Tyrosine phosphorylation within the activation segment of the kinase domain can directly stimulate catalytic activity, while phosphorylation of adjacent noncatalytic elements typically creates docking sites for downstream signaling effectors (26, 41) .
To study the regulation of Eph receptor-mediated signaling, we have generated a cellular assay system in which ephrin stimulation of EphB2 in neuronal cells leads to neurite retraction and loss of actin-rich structures and cellular adhesion. This response is dependent on EphB2 catalytic activity and integrity of the juxtamembrane tyrosine residues. Substitution of these conserved tyrosine residues in full-length EphB2 leads to a reduction in ligand-induced kinase activity and ephrinstimulated tyrosine phosphorylation, suggesting that juxtamembrane tyrosines may serve a regulatory function in addition to acting as docking sites for downstream targets. To examine Eph receptor activation more carefully, we employed a continuous assay using the bacterially expressed cytoplasmic domain of EphA4. Our results indicate that the juxtamembrane region directly regulates catalytic activity, as does a tyrosine residue in the putative activation segment, thus suggesting a complex mechanism for complete Eph receptor kinase activation.
MATERIALS AND METHODS

Constructs and reagents.
Full-length murine EphB2 cDNA was cloned into the mammalian expression vector pcDNA3 (Invitrogen). Site-directed mutagenesis of EphB2 was performed as previously described (23) . The cDNA sequence corresponding to amino acids 586 to 986 (cytoplasmic region) of murine EphA4 (EphA4 CYTO ) was cloned into pGEX4T2 (Pharmacia). Mutagenesis of EphA4 was performed using the QuikChange system (Stratagene). The synthetic peptide (S-1) used for enzyme kinetics has the sequence GEEIYGEFD (amide at the carboxy terminus). Polyclonal EphB2 antiserum was raised against a glutathione S-transferase (GST) fusion protein expressing the C-terminal 94 amino acids of EphB2. For immunocytochemistry, the antiserum was GST extracted and affinity purified on an antigen column. Baculovirus-produced Fc-tagged ephrin-B1 extracellular domain was purified on a protein A-Sepharose (Pharmacia) column, eluted with low pH, and neutralized with 1 M Tris (pH 8.0). Concentrated protein was dialyzed against Tris-buffered saline. To achieve efficient receptor activation, Fc-ephrin-B1 was clustered using anti-human Fc antibodies (Jackson Immunoresearch) (12) .
Cell culture and retraction assay. NG108-15 cells were routinely cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum and 1ϫ hypoxanthine-aminopterine-thymidine (HAT; Gibco). To produce stable cell lines, cells were transfected with Lipofectin (Gibco) and selected as described elsewhere (23) . For the cellular assay, glass coverslips were prepared by coating with poly-L-lysine and fibronectin (both from Sigma and both at 100 g/ml) for 3 h at room temperature followed by three washes in phosphatebuffered saline. Cells were seeded at 3 ϫ 10 4 cells per coverslip in six-well dishes in DMEM containing 5% fetal calf serum, 0.5ϫ HAT, and 1 mM N 6 ,O 2 -dibutyryladenosine 3Ј:5Ј-cyclic monophosphate (dibutyryl-cAMP; Sigma) (19) and cultured for 24 h to encourage neurite outgrowth. After stimulation with soluble clustered ephrin-B1 (2 g/ml), cells were fixed for 15 min in 4% paraformaldehyde (pH 7.0), permeabilized in 0.1% Triton for 5 min, and washed extensively before blocking overnight in phosphate-buffered saline containing 5% bovine serum albumin. To localize EphB2 and filamentous actin, fixed cells were double labeled with affinity-purified polyclonal anti-EphB2 antibodies followed by fluorescein isothiocyanate-conjugated goat anti-rabbit secondary antibody (Sigma) and rhodamine-conjugated phalloidin (Sigma). Specificity of the EphB2 antibody was demonstrated by including 10-times-excess purified antigen in the primary antibody incubation. Cells were photographed at 100ϫ magnification on a Leitz DM RXE microscope.
Immunoprecipitation and Western blotting. Cells were serum starved overnight in DMEM, lysed in PLC lysis buffer as previously described (20) , and quantitated using a bicinchoninic acid protein assay kit (Pierce); protein concentrations between cell lines were equalized. Either lysates were immunoprecipitated with crude anti-EphB2 serum as previously described (20) or, for cytoplasmic lysates, extracts were mixed with an equal volume of 2ϫ sodium dodecyl sulfate (SDS) loading buffer, boiled, and loaded directly onto the gel. Proteins were subjected to polyacrylamide gel electrophoresis (PAGE), transferred to a polyvinylidene difluoride membrane (Millipore), blotted with antiEphB2 or affinity purified polyclonal antiphosphotyrosine antibodies, and visualized using a linear enhanced chemiluminescent (ECL) substrate (ECL Plus; Amersham) according to the manufacturer's instructions. Blots were exposed and quantitated on a Storm PhosphorImager.
In vitro kinase (IVK) reactions. EphB2 was immunoprecipitated, washed twice in HNTG and twice in KRB (25 mM HEPES [pH 7.5]; 2.5 mM MgCl 2 , 4 mM MnCl 2 ), and then incubated with 5 g of acid-denatured enolase in the presence of 5 Ci of [␥ 32 P]ATP at 37°C for 30 min. Reaction products were electrophoresed on SDS-12% polyacrylamide gels, which were fixed, dried, and exposed to a PhosphorImager screen. Incorporation into enolase was quantitated using a Storm Phosphorimager.
Bacterial expression and purification of GST fusion proteins. GST-EphA4 CYTO constructs were transformed into Escherichia coli BL21, and protein expression was induced overnight at room temperature. Cell pellets were lysed in 20 mM Tris-HCl (pH 7.5)-0.5 M NaCl-1 mM EDTA-1 mM dithiothreitol (DTT) with protease inhibitors in a EmulsiFlex-C5 homogenizer (Avestin), and the fusion protein was isolated on glutathione-Sepharose (Pharmacia) according to standard protocols. Dephosphorylation (75 U of alkaline phosphatase [AP; Boehringer Mannheim]/ml of glutathione beads) and thrombin cleavage (10 U/mg of fusion protein) were carried out concurrently and to completion for 12 h at 4°C.
To remove thrombin and AP, the supernatant containing cleaved EphA4 CYTO was diluted 1,000-fold in 10 mM HEPES (pH 7.5)-10 mM MgCl 2 and passed over an ATP-Sepharose column (Pharmacia). After extensive washing with 10 mM HEPES (pH 7.5), EphA4 CYTO was eluted with a linear gradient of buffered KCl. Peak fractions were pooled, concentrated, and passed over a Sephadex 200 gel filtration column (Pharmacia) equilibrated in 10 mM HEPES (pH 7.5)-500 mM KCl-1 mM DTT. Peak fractions were again pooled, concentrated to ϳ10 mg/ml, and stored at Ϫ20°C. Preliminary experiments showed that two cycles of freeze-thawing had no effect on stability of catalytic activity. All experiments were performed with thrombin-cleaved EphA4 CYTO .
Spectrophotometric coupling assay. Kinetic analysis of bacterial EphA4 CYTO was performed using a coupled IVK assay where production of ADP is coupled to the oxidation of NADH through pyruvate kinase and lactate dehydrogenase (1) . The 100-l reaction volume contained 1 U of lactate dehydrogenase, 1 U of pyruvate kinase, 1 mM phosphoenolpyruvate, 0.2 mM NADH, and 2 mM ATP unless otherwise noted (in 20 mM MgCl 2 -0.2 mM DTT-60 mM HEPES [pH 7.5]-20 g of bovine serum albumin/ml). Preliminary experiments ensured that concentration of kinase was the rate-limiting component. Concurrent reactions were followed at 340 nm on a Hewlett-Packard 845-UV-Visible 7-Cell system. Where indicated, kinase was preincubated in 2 mM ATP-10 mM MgCl 2 at room temperature for 1 h unless specified otherwise. For accuracy, protein concentration was determined by UV spectrometry at 280 nm using molar coefficients.
Enzyme kinetics. Kinetic constants were determined under pseudo-singlesubstrate conditions using the general rate equation of Alberty for multisubstrate systems (43) 
, where V max is the maximal velocity when AX and B are at saturating concentration, K m is the concentration that gives rise to 1/2 V max when the second substrate is saturating, and K s AX is the dissociation constant for E ϩ AX3 EAX. At saturating concentrations of B, the general equation simplifies to a pseudo-single-substrate system as follows: Nano-ESI-MS/MS-based phosphopeptide mapping. Purified EphA4 CYTO was autophosphorylated in the presence of 10 mM MgCl 2 -1 mM ATP and trypsin digested to completion at 37°C for 3 h using a 50:1 ratio of protein to protease. Phosphopeptides were desalted using ZipTip desalting columns (Millipore) equilibrated in 5% formic acid, washed with equilibration buffer, and eluted with 5% formic acid-60% methanol. Tandem mass spectrometry (MS/MS) analysis was carried out on an orthogonal QqTOF mass spectrometer (PE-Sciex) with a nano-electrospray ion (ESI) source (Protana A/S). Following identification of tryptic ions of interest, product ion spectra were generated by collisionally induced dissociation. For product ion scans, collision energy was determined experimentally. Sequencing was performed using PeptideScan (EMBL).
RESULTS
Kinase activity and juxtamembrane tyrosine residues are required for EphB2-mediated neurite retraction. To develop an assay for EphB2 function, we have established NG108-15 cell lines stably expressing wild-type (WT) EphB2 (NGEphB2WT cells [23] ). NG108-15 cells display characteristics of motor neurons (19, 36) , a cell type in which EphB2 is expressed in the developing embryo (20) . They do not, however, endogenously express EphB2 or respond biochemically to stimulation with B class ephrins and therefore provide a negative background for testing EphB2 function (23) . In differentiated neurite-bearing NG-EphB2WT cells, EphB2 protein is detected throughout the cell body and projections but is particularly concentrated distally in actin-rich filopodial and growth cone structures ( Fig. 1D) , as evidenced by double staining with rhodamine-phalloidin (Fig. 1DЈ ). The specificity of the EphB2 antibody was established by competing EphB2 staining with the immunizing antigen (Fig. 1C) . After stimulation of NGEphB2WT cells with clustered Fc-ephrin-B1, polymerized actin structures were disassembled and neurites retracted, accompanied by cell rounding and loss of substrate attachment ( Fig. 1E and EЈ), reminiscent of Eph receptor responses previously observed in primary neurons (14, 32, 33) . In contrast, parental NG108 cells were morphologically unaffected by ephrin-B1 stimulation ( Fig. 1AЈ and BЈ). WT EphB2 protein became relocalized to punctate structures upon ephrin-B1 stimulation, possibly indicative of receptor clustering and internalization ( Fig. 1E ).
Using the NG108 cell assay, we evaluated the importance of specific EphB2 residues for the morphological response to ephrin stimulation. Mutant EphB2 receptors with amino acid substitutions in the juxtamembrane or kinase domains ( Fig.  2A) were expressed in parental NG108 cells. These variant proteins were localized indistinguishably from WT EphB2 in unstimulated cells (Fig. 1F , H, J, and L). In contrast to NGEphB2WT cells, cells expressing a kinase-inactive form of EphB2 containing a substitution in the conserved lysine in kinase subdomain II, which is critical for phosphotransfer activity (EphB2K DII M), retained fully elaborated neurites and prominent microspikes after ephrin-B1 stimulation ( Fig. 1G and GЈ). A similar lack of cytoskeletal remodeling was observed in cells expressing an EphB2 variant (EphB2Y JX1ϩ2 F) in which both conserved juxtamembrane tyrosines, Y 604 (JX1) and Y 610 (JX2), were replaced with phenylalanine ( Fig. 1I and IЈ). For both of these mutants, EphB2 protein appeared to relocalize proximally, becoming concentrated in the base rather than the tip of filopodia (Fig. 1G and data not shown) . Cells expressing EphB2 with single substitutions in one or other of the juxtamembrane tyrosine residues exhibited a partial phenotype. Ephrin stimulation of cells expressing receptors mutated at the first juxtamembrane tyrosine (EphB2Y JX1 F) resulted in loss of short bundled actin filopodia, which were replaced by long trailing retraction fibers, but only an incomplete retraction of neurite length ( Fig. 1K and KЈ) . Little change in morphology was noted upon stimulation of EphB2Y JX2 F cells; neurites remained extended, and most cells retained well-formed filopodia ( Fig. 1M and MЈ) . These results suggest that EphB2 catalytic activity and juxtamembrane tyrosine residues, particularly JX2, are required for the morphological response of a neuronal cell to ephrin-B1 stimulation, and we performed biochemical experiments to further investigate the molecular basis for these observations. EphB2Y JX2 F substitution reduces EphB2 and p62 dok tyrosine phosphorylation. We have previously found that the scaffolding protein p62 dok becomes prominently tyrosine phosphorylated in NG-EphB2WT cells upon EphB2 activation (23) . Ephrin-B1-induced tyrosine phosphorylation of both EphB2 and p62 dok was abrogated in cells expressing the double juxtamembrane mutant or EphB2K DII M (23) (data not shown). In contrast, mutation of the first juxtamembrane tyrosine, JX1, had only a minor effect on ephrin-B1-induced tyrosine phosphorylation of EphB2, whereas ligand-stimulated tyrosine phosphorylation of EphB2Y JX2 F was more notably reduced at both time points studied (30 and 60 min) (Fig. 3A to C) . Similarly, while ligand-induced tyrosine phosphorylation of p62 dok was almost normal in cells expressing EphB2Y JX1 F, mutation of JX2 virtually abolished ephrin-B1-dependent phosphorylation of the scaffolding protein (Fig. 3B ). These differences might be due to failure of the mutant receptors to physically associate with downstream targets. Alternatively, EphB2 catalytic activity might be directly regulated by juxtamembrane tyrosine residues (2, 54) .
Juxtamembrane mutations regulate ligand-induced EphB2 kinase activity. To distinguish between these two possibilities, IVK assays were performed using WT and mutant EphB2 proteins. First, immunoprecipitated EphB2 receptors from unstimulated cells were assessed for the ability both to autophosphorylate and to phosphorylate an exogenous substrate, enolase. Mutations in the juxtamembrane region did not lead to a significant reduction in incorporation into enolase in comparison to EphB2K DII M, which was essentially inactive for enolase phosphorylation ( Fig. 4A and reference 23) . In contrast, autophosphorylation of the EphB2 receptor was markedly reduced in EphB2Y JX1ϩ2 F, Y JX1 F, and Y JX2 F, potentially due in part to loss of tyrosine phosphorylation sites.
Ephrin-B1 stimulation of NG-EphB2WT cells led to a rapid increase in EphB2 IVK activity, evidenced both by receptor autophosphorylation and exogenous substrate phosphorylation (Fig. 4B) . In contrast to basal levels, mutations in the juxtamembrane region differentially affected ligand-induced catalytic function. The EphB2Y JX1ϩ2 F receptor, although retaining basal catalytic activity ( Fig. 4A ; also see reference 23), was impaired in ligand-induced kinase activation ( Fig. 4B and C) . This effect was primarily due to substitution of the JX2 site (Y 610 ) since the single EphB2Y JX2 F mutant was also deficient in ephrin-induced kinase activity, whereas the EphB2Y JX1 F receptor exhibited only a small reduction in catalytic stimulation compared to WT at early time points.
These results suggest that the juxtamembrane tyrosine residues of EphB2 may play a role in modulating ephrin-induced catalytic activation. To address the mechanistic basis for such regulation, and whether A as well as B class receptors may be subject to similar control, we turned to an in vitro system employing the highly related receptor EphA4 (Fig. 2) .
Bacterially expressed EphA4 is tyrosine phosphorylated in the juxtamembrane motif and kinase activation segment. The cytoplasmic region of EphA4, from the juxtamembrane region to the C terminus, was expressed in bacteria as a GST fusion protein (GST-EphA4 CYTO ) and became autophosphorylated in E. coli. The isolated GST fusion protein was cleaved with thrombin to release the EphA4 CYTO polypeptide, which was purified to homogeneity (see Materials and Methods). We used nano-ESI-MS/MS to map phosphorylation sites within the thrombin-cleaved EphA4 CYTO protein (Fig. 5 and 6 ). Initial spectra (MS1) of the peptide mixture following trypsin digestion of EphA4 CYTO indicated ϳ70% representation of the predicted tryptic peptides. Ion peaks corresponding to the juxtamembrane region peptide in the unphosphorylated and the singly and doubly phosphorylated states were then identified (Fig. 5A) . Fragmentation of these parent ions produced secondary spectra (MS2) allowing peptide sequencing, thus confirming peptide identity (Fig. 5B) and specific phosphorylation of tyrosines 596 (JX1 [Fig. 5C ]) and 602 (JX2 [Fig. 5D] ) of EphA4. Identical results were obtained using protein phosphorylated in bacteria or in an IVK reaction. These results are consistent with previous phosphopeptide mapping experiments using EphA4 (15) .
A similar approach was used to determine whether a conserved tyrosine in the putative activation segment, a 5-to 20-amino-acid region that in other tyrosine kinases interacts structurally and functionally with the catalytic cleft, may be phosphorylated. Ion peaks corresponding to the tryptic peptide containing the activation segment tyrosine Y 779 (Y ACT ) in the phosphorylated and unphosphorylated forms were identified (Fig. 6A) . MS2 sequencing confirmed phosphorylation of Y 779 ( Fig. 6B and C) . In addition to the sites above, phosphorylation of Y 798 and Y 841 was observed (data not shown), consistent with phosphopeptide mapping of EphB2 and EphB5 (27) .
EphA4 CYTO requires an induction time before reaching maximum activity. To investigate the influence of the catalytic domain and juxtamembrane tyrosine residues on EphA4 activation, we performed a coupled IVK assay using a peptide substrate (coupling assay). By coupling the conversion of ATP to ADP with the oxidation of NADH, this assay allows continuous monitoring of a kinase reaction spectrophotometrically (1). Due to the high homology between the catalytic domains of Eph receptors and Src family kinases, a peptide (S-1; see Materials and Methods) based on Src family kinase specificity (45) was selected. Initial IVK reactions and MS analysis confirmed that S-1 was a suitable substrate for EphA4. Using the coupling assay, an intrinsic EphA4 CYTO ATPase activity was observed at ATP concentrations above 5 mM, which was insignificant compared to consumption of ATP by peptide phosphorylation (data not shown).
Starting the kinase assay with purified, dephosphorylated protein (Fig. 7A, i and ii), we observed a nonlinear progress curve of peptide phosphorylation with two somewhat distinct phases; a low initial rate of NADH oxidation of 0.56 (⌬A 340 /s)/ mol of kinase followed by a higher steady-state rate of 2.12 (⌬A 340 /s)/mol of kinase (Fig. 7A, iii) . The time required to reach a steady-state activity (the lag or induction time) was obtained from the graph by estimation of the bisection of the asymptotes of the two distinct phases. In several other tyrosine kinases, including Src and the fibroblast growth factor receptor, it has been shown that this lag period corresponds to the time required for autophosphorylation of the regulatory tyro- ine(s) in the activation segment (1, 10, 11, 28, 35) . To investigate whether the lag time seen with EphA4 also reflects a required phosphorylation event, and to ensure that this phenomenon was not due to any of the coupling assay components, we varied the concentrations of all reaction mixture constituents and examined their effects on the induction time.
Increasing EphA4 CYTO concentration led to a decrease in lag time, suggesting an intermolecular event (Fig. 7B, i) . However, of the other assay components, only ATP concentration affected the rate of peptide phosphorylation or the induction time. Increases in ATP concentration resulted in a decrease in induction time (Fig. 7B, ii) . Furthermore, an immediate steady-state reaction was obtained both upon preincubation of the dephosphorylated EphA4 CYTO with MgATP (Fig. 7B, iii) and by using EphA4 CYTO which had not been subjected to prior phosphatase treatment (data not shown). Together, these results provide strong evidence that the induction time reflects a phosphorylation event(s) which is required for maximal kinase activity.
EphA4Y ACT F exhibits decreased kinase activity but maintains a lag time before complete activation. To determine if the lag period could be attributed more directly to phosphorylation of Y 779 , this residue was substituted with phenylalanine within the EphA4 CYTO protein. If phosphorylation of this residue plays a role in regulating catalytic activity, this substitution (Y ACT F) should affect the overall rate of the kinase reaction. Furthermore, if the induction time seen with WT EphA4 CYTO is due solely to autophosphorylation of this residue, we would not expect to observe a lag period before full EphA4Y ACT F activity.
The overall specific activity and k cat of the Y ACT F mutant protein were ϳ6-fold lower than those of WT EphA4 CYTO ( Fig. 8A; Table 1 ), suggesting an inhibitory role for this tyrosine prior to receptor phosphorylation. Surprisingly, the EphA4Y ACT F protein still exhibited a lag phase before reaching maximal (although reduced) velocity. This suggested that multiple independent events might be required to achieve full catalytic activity.
The induction time of EphA4Y ACT F was dependent on kinase and ATP concentrations, indicating that an intermolecular phosphorylation event in addition to that involving Y 779 might be important in regulating receptor activity (Fig. 7C, i and ii). Both lack of phosphatase treatment (data not shown) and preincubation of the EphA4Y ACT F protein with ATP (Fig.  7C, iii) abolished the lag time, resulting in an immediate steady-state velocity, strongly supporting a phosphorylation event as the basis for this additional level of control. From the results obtained in the NG108 cellular assay with EphB2, we hypothesized that this regulatory phosphorylation could involve one or both of the conserved juxtamembrane tyrosines. Using MS we determined that phosphorylation of both the juxtamembrane region and the activation segment occurs during the lag phase in the WT protein (data not shown).
Tyr-to-Phe changes in the juxtamembrane motif inhibit kinase activity. To investigate this possibility, tyrosines JX1 and JX2 of EphA4 were replaced with phenylalanine, and the mutant EphA4 CYTO proteins were introduced into the coupling assay. Both EphA4Y JX1 F and EphA4Y JX2 F exhibited a decreased ability to phosphorylate the peptide substrate ( Fig. 8A ; Table 1 ), with the largest decrease resulting from substitution of JX2, consistent with the results seen for full-length EphB2 isolated from neuronal cells. The double Tyr-to-Phe mutant EphA4Y JX1ϩ2 F displayed the most significant (10-fold) decrease in catalytic activity (Fig. 8) under the conditions tested. Surprisingly, no induction was observed, with the mutant lacking both juxtamembrane tyrosines with a steady-state velocity being maintained over 2 h. Preincubation with ATP had no effect on the progress curve (Fig. 7D) , nor did lack of phosphatase treatment (data not shown). To ensure that the juxtamembrane region was not an essential adjunct of the kinase domain, directly involved in the kinase reaction, an EphA4 CYTO protein lacking the juxtamembrane region (EphA4 JX-) was expressed. EphA4 JX-protein exhibited a catalytic activity virtually identical to that of WT EphA4 CYTO (Fig. 8) but had a shorter lag time than WT kinase.
Determination of kinetic parameters. To investigate the mechanism of catalytic regulation by both the juxtamembrane and putative activation loop tyrosines, kinetic analysis was performed on the kinase reactions of WT and mutated EphA4 proteins. For ease of comparison, kinetic constants for the multisubstrate reaction were determined by varying a single substrate concentration while holding the second substrate at a fixed, saturating concentration, creating a pseudo-single-substrate mechanism. Results are summarized in Table 1 . Representative Hanes plots demonstrating the alterations in the Michaelis constants for ATP (K m ATP) and peptide (K m PEP) are illustrated in Fig. 9A and B, respectively. Calculations of constants was performed by nonlinear least squares fitting to the velocity substrate curves directly.
Substitution of the activation loop tyrosine resulted in a 200-fold increase in K m PEP, suggesting a significant decrease in affinity for the peptide prior to phosphorylation of Y ACT . Single juxtamembrane tyrosine mutants also showed up to a 50-fold increase in K m PEP, with the biggest increase seen for EphA4Y JX2 F, consistent with the differences seen in their catalytic activities. Calculated K m PEP values for the double tyrosine mutant displayed significant variability, likely due to the relatively small increases in activity with increasing peptide concentrations. Estimations, however, were as high as 25 mM. Attempts to achieve more significant changes by increasing the range of peptide concentration were hampered by solubility of the peptide.
Similar analysis was performed to investigate the effects of all substitutions on the affinity for ATP. No corresponding increases in K m ATP were observed. Only EphA4Y ACT F gave a relatively small but reproducible increase of twofold compared to WT EphA4 CYTO . This suggests that binding of ATP and peptide are independent and that inhibition, or conversely, activation by phosphorylation, of both activation loop and juxtamembrane regions arises through a decrease in the binding affinity for the phosphoacceptor without affecting the affinity for ATP.
DISCUSSION
The activation of signaling pathways by RTKs generally follows a common framework, beginning with binding of extracellular ligands, receptor oligomerization or reorientation, and ii, equivalent amounts of bacterially expressed EphA4 CYTO , were thrombin cleaved with (ϩ) and without (Ϫ) the presence of AP, purified, electrophoresed, and blotted with antibodies to phosphotyrosine (anti-pTyr), illustrating the complete dephosphorylation upon AP treatment (described in Materials and Methods). Protein concentration was determined by UV spectrometry using molar coefficients and confirmed by SDS-PAGE iii, progress curve of the phosphorylation of 0.3 mM S-1 peptide in a standard reaction mixture containing 0.5 mM ATP and 0.2 M dephosphorylated EphA4 CYTO consequent trans phosphorylation by the cytoplasmic kinase domain (reviewed in reference 26). The resulting autophosphorylation sites generally fall into two classes: those involved in the regulation of kinase activity (primarily in the activation segment of the catalytic domain), and those that serve as docking sites for cytoplasmic signaling molecules containing SH2 or phosphotyrosine binding (PTB) domains (generally in noncatalytic elements). The extent to which Eph receptors conform to this scheme is not well defined, and indeed they exhibit several unusual features that may pertain to their regulation, such as slow kinetics of ligand activation in cells, interaction with monovalent membrane-bound ligands, and the presence of intrinsic oligomerizing regions.
Regulation of in vitro Eph receptor catalytic activity by multiple phosphorylation events. To characterize the role of tyrosine phosphorylation in Eph receptor function, we have used two complementary approaches, a ligand-inducible system to examine the involvement of specific EphB2 residues in the cellular response to ephrin stimulation, and a coupled IVK assay to analyze direct effects on EphA4 catalytic activity.
To identify EphA4 autophosphorylation sites, we carried out phosphopeptide mapping of bacterially expressed protein using nano-ESI-MS/MS. This approach revealed that a conserved tyrosine within the activation segment of the kinase domain (reviewed in reference 26) is a site for autophosphorylation and also confirmed the phosphorylation of the two conserved juxtamembrane tyrosines.
To investigate the involvement of the activation loop and juxtamembrane tyrosines in Eph receptor activation, we used a continuous coupled kinase assay for peptide phosphorylation by the EphA4 cytoplasmic region. Although the use of a truncated receptor dissociates the kinase domain from possible constraints imposed by the extracellular and transmembrane regions, the coupling assay facilitated a detailed kinetic analysis of the kinase reaction. Using dephosphorylated EphA4 CYTO , we observed a lag time preceding maximal kinase activity and found that this reflects a requirement for autophosphorylation. The effects of SAM domain-mediated oligomerization were also investigated; although oligomerization may influence receptor activation, we have not detected changes in activation kinetics of either EphA4 CYTO or full-length EphB2 bearing SAM domain truncations or mutations in the SAM dimer interface.
Substitution of Y ACT with phenylalanine, however, resulted in a significant drop in activity, suggesting that phosphorylation of this residue might be required to activate EphA4 CYTO or release an inhibition imposed on the unstimulated receptor. Kinetic analysis revealed that, similar to Src and the fibroblast growth factor receptor 1 kinases (35, 44, 51) , a decrease in the binding affinity for substrate is the basis for this inhibition while ATP binding is largely unaffected by the phosphorylation state of Y ACT . Interestingly, EphA4Y ACT F still appeared to require autophosphorylation for full activation. Although previous studies using constitutively active cellular overexpression systems or in vitro experiments omitting an initial dephosphorylation step (9, 15) have not detected an effect of juxtamembrane substitutions on the catalytic activity of Eph receptors, our results using full-length, ligand-stimulated EphB2 suggested that the juxtamembrane region can indeed influence kinase activity (discussed below). To examine this further, we investigated the role of the corresponding EphA4 residues in kinase activation in vitro. The EphA4Y JX1ϩ2 F mutant, in which the two conserved juxtamembrane tyrosine residues are replaced with phenylalanine, had a significantly impaired catalytic activation indicating that the juxtamembrane region can inhibit kinase activity, although it is not required for catalytic activity per se. Kinetic analysis showed that the mutated juxtamembrane region also inhibits kinase activity by preventing peptide substrate acquisition rather than ATP binding. These results suggest an inhibitory role for the juxtamembrane tyrosines that is relieved upon phosphorylation. This model is further supported by our observation that the EphA4 JX-protein which lacks the juxtamembrane region does not appear to require a commensurate lag period for full WT activity. The proposed inhibitory role of these residues in Eph receptors is reminiscent of observations made for the insulin-like growth factor 1 and platelet-derived growth factor receptors, where analogous juxtamembrane mutations result in decreased catalytic activity via a 10-fold decrease in peptide affinity and a lack of ligand response, respectively (2, 6 ).
An unexpected feature of the progress curves of EphA4Y JX1ϩ2 F was the lack of activation despite the presence of the activation loop tyrosine, with the kinase appearing to remain in a basal state. One possible explanation for this lack of induction (or extended lag phase) is that phosphorylation of Y ACT is partially occluded by the unphosphorylated juxtamembrane region, which upon phosphorylation may undergo a conformational change, thus allowing kinase access to the active site. Alternatively, phosphorylation of Y 596/604 might aid or induce receptor oligomerization, resulting in trans phosphorylation of Y 779 . Experiments to order the phosphorylation events and to determine whether juxtamembrane phosphorylation is a prerequisite for Y ACT -based activation are under way.
EphB2 juxtamembrane tyrosine residues are required for kinase activation and cytoskeletal responses in an ephrin-B1-stimulated neuronal cell line. Our experiments using EphB2-transfected NG108 cells suggest that substitution of juxtamembrane tyrosine residues with phenylalanine preferentially influences ligand-induced as opposed to basal kinase catalytic activity. We have previously demonstrated (23) and confirm in Fig. 4A that substitution of tyrosine residues in the juxtamembrane region of the full-length EphB2 protein causes only a slight (ϳ2-fold) decrease in basal catalytic activity compared to WT receptor. Similar reductions in kinase activity were observed with yeast Lex-A-EphB2 cytoplasmic domain fusion proteins bearing juxtamembrane mutations (54) . In comparison, substitution of the phosphotransfer lysine in EphB2K DII M abolished catalytic activity as predicted.
In contrast to the data obtained using unstimulated EphB2, experiments with ligand-activated receptors showed very different trends for WT versus mutant EphB2. Ephrin activation of WT EphB2 led to an approximately fivefold increase in catalytic activity, whereas receptors in which tyrosine JX2 or both JX2 and JX1 were substituted with phenylalanine had markedly impaired ligand activation kinetics.
We also found that substitution of juxtamembrane tyrosine residues, especially JX2, had profound effects on the biological activity of EphB2 in a neuronal cell line. Upon ephrin stimulation, WT EphB2-expressing cells showed a striking loss of actin-rich structures and started to detach from the substrate. However, cells expressing EphB2K DII M or EphB2Y JX1ϩ2 F essentially failed to respond morphologically to ligand stimulation, retaining elongated neurites with well-bundled polymerized actin microspikes, and maintaining substrate attachment. Cells expressing EphB2Y JX2 F were similarly compromised in their response to ephrin stimulation. Extrapolating from the biochemical and kinetics experiments, it appears likely that the failure of the EphB2Y JX2 F and EphB2Y JX1ϩ2 F mutants to induce a biological response may be due not only to the loss of these specific SH2 domain binding sites but also to impaired catalytic activity which could influence autophosphorylation of additional tyrosines on the receptor.
Decreased Eph receptor catalytic function might also lead to diminished tyrosine phosphorylation of receptor substrates. NG108 cells expressing the JX2 and JX1ϩ2 mutants of EphB2 exhibit reduced tyrosine phosphorylation of p62 dok , a component of the ephrin-stimulated signaling cascade (8, 23, 52) . This may directly reflect the compromised catalytic activity of EphB2, although we cannot exclude the possibility that p62 dok phosphorylation requires the docking of an SH2 domain-containing signaling intermediate (e.g., RasGAP) to the receptor.
In NG108 cells, JX1 mutations in full-length EphB2 cause a partial defect in the neurite retraction response. We have shown that ligand-induced kinase activity and tyrosine phosphorylation of EphB2Y JX1 F approximates WT levels, and this residue has only a minor effect on catalytic activity in the coupling assay. It is therefore likely that the reduction in biological function seen in EphB2Y JX1 F in part represents loss of a docking site for a cytoplasmic signaling partner(s). Consistent with this notion, tyrosine JX1 has previously been shown to regulate cellular attachment responses and activation of JNK by EphB1, potentially through direct interaction with the adapter protein Nck (47) . In our experiments, the loss of a ϳ70-kDa tyrosine-phosphorylated protein was observed in EphB2 immunoprecipitates from NG-EphB2Y JX1 F cells, which might also correspond to an associated effector.
In the present study, we have used complementary cellular and in vitro approaches to investigate the role of conserved tyrosine phosphorylation sites in the regulation of catalytic and biological activity of Eph RTKs. Our data are consistent with models for other RTKs where phosphorylation of the active loop tyrosine controls kinase access to the peptide substrate. We have also demonstrated that the conserved juxtamembrane tyrosine-based motif is critical for biological responses to ephrin stimulation and appears to have two distinct functions: not only to provide docking sites for signaling effectors, but also to contribute to the intrinsic regulation of catalytic activity.
